We present a wavelength tunable, coupled-cavity laser in a standard indium phosphide multiproject wafer shuttle which did not support distributed feedback gratings. The single-mode operation was enabled by reflections from slots in the laser cavity. The wavelength of the laser emission was tunable over 20 nm near a wavelength of 1560 nm via the currents applied to each section of the laser. A maximum side-mode suppression ratio of 46 dB was observed. The delayed self-heterodyne spectrum of the laser showed a Voigt line shape, corresponding to optical linewidths of 3. In recent years, the emergence of generic indium phosphide (InP) photonic integration platforms and multiproject wafer (MPW) shuttles is enabling explorations of a wide variety of laser geometries [1] [2] [3] . The MPW InP platforms include active and passive building blocks, such as waveguides, multimode interference (MMI) couplers and reflectors, arrayed waveguide gratings (AWGs), semiconductor optical amplifiers (SOAs), and phase-shifters. The types of lasers that can be realized depend on the available building blocks. Of particular interest are single-mode lasers with a widely tunable operation wavelength, which are useful for optical communications. In platforms that do not support distributed feedback gratings, single-mode laser operation can be achieved by using filtered feedback from AWGs [4, 5] , but the laser wavelengths are set by the channel spacing of the AWG. Another approach is to use weak intracavity reflections to form coupled-cavity or discrete mode lasers [6] [7] [8] [9] [10] [11] [12] [13] . In a recent report, a design implemented in an InP MPW shuttle used an MMI reflector to couple two cavities and achieved a side-mode suppression ratio (SMSR) up to 40 dB; however, the wavelength tuning range was limited to 6.5 nm [14] . In [15] , the design was extended to a 26 nm wavelength tuning range by including a Michelson interferometer in one of the cavities. Compared to two-section coupled-cavity lasers, as in [14] , three-section designs (e.g., [10, 13] ) generally increase the longitudinal mode discrimination for larger tuning ranges and SMSRs. More sections are also needed for singlemode operation when the individual cavities are long.
In recent years, the emergence of generic indium phosphide (InP) photonic integration platforms and multiproject wafer (MPW) shuttles is enabling explorations of a wide variety of laser geometries [1] [2] [3] . The MPW InP platforms include active and passive building blocks, such as waveguides, multimode interference (MMI) couplers and reflectors, arrayed waveguide gratings (AWGs), semiconductor optical amplifiers (SOAs), and phase-shifters. The types of lasers that can be realized depend on the available building blocks. Of particular interest are single-mode lasers with a widely tunable operation wavelength, which are useful for optical communications. In platforms that do not support distributed feedback gratings, single-mode laser operation can be achieved by using filtered feedback from AWGs [4, 5] , but the laser wavelengths are set by the channel spacing of the AWG. Another approach is to use weak intracavity reflections to form coupled-cavity or discrete mode lasers [6] [7] [8] [9] [10] [11] [12] [13] . In a recent report, a design implemented in an InP MPW shuttle used an MMI reflector to couple two cavities and achieved a side-mode suppression ratio (SMSR) up to 40 dB; however, the wavelength tuning range was limited to 6.5 nm [14] . In [15] , the design was extended to a 26 nm wavelength tuning range by including a Michelson interferometer in one of the cavities. Compared to two-section coupled-cavity lasers, as in [14] , three-section designs (e.g., [10, 13] ) generally increase the longitudinal mode discrimination for larger tuning ranges and SMSRs. More sections are also needed for singlemode operation when the individual cavities are long.
In this work, we used an MPW shuttle of the JePPIX-COBRA platform, in which distributed feedback reflectors were not available, to demonstrate a three-section, coupledcavity, tunable, single-mode laser. The cavities were defined using deeply etched slots in the waveguides. Because the SOAs were restricted to specific locations and lengths in the MPW, the cavities were long with lengths exceeding 1 mm. Nonetheless, single-mode operation was realized, with an operation wavelength spanning a 22 nm wavelength range between 1551 and 1573 nm. A SMSR >35 dB was achieved over this wavelength range, and SMSRs as high as 46 dB were observed. The SMSR compares favorably with communicationgrade discrete mode and distributed feedback lasers [9, 16] . Compared to the three-section coupled-cavity lasers in [11] [12] [13] , our laser is better suited to photonic integration since (1) it uses MMI reflectors, enabling lithographically defined cavity lengths and the potential integration with other on-chip components [17] , and (2) it was fabricated in a platform with passive and active waveguides. The MMI reflectors also distinguish this work from the two-section coupled-cavity lasers in [14, 15] , which use facet end-reflectors. Figure 1 (a) shows the schematic of the laser realized in the JePPIX-COBRA platform [2] , and Fig. 1(b) shows an optical micrograph of the fabricated device. The device consisted of three SOA sections coupled together by two etched slots. The two ends of the laser were terminated by 1-port and 2-port MMI reflectors, which provide an expected reflectivity of about 40% [17] . The two ends of the center SOA [SOA 2 in Fig. 1(a) ] were connected to waveguide tapers defined in the deep-etched waveguides which terminate at slots. A slot was a waveguide gap defined by the deep-etch, which extended through the waveguide core. The slot was filled with a planarization polyimide. We chose the widths of the two slots to be 1 μm, corresponding to the length of 1550 nm light in the planarization material with a refractive index of 1.55 [7] . To reduce diffraction losses at the slot, a taper first widened a deep-etched waveguide from a width of 1.5 to 2.5 μm. Then at 1 μm before the slot, the taper width abruptly increased to 4.5 μm to form the reflecting surface. From three-dimensional finite-difference time-domain (FDTD) electromagnetic simulations, assuming perfectly vertical sidewalls, the calculated slot reflectivity was about 8.5% and increased with wavelength near 1550 nm, while the transmission was about 50% and decreased with wavelength. The FDTD simulations were of the entire slot, including both interfaces, and the computed transmission and reflectivity are for the fundamental waveguide mode. The transmission and reflection spectra result from the optical interference, diffraction, and scattering in the slot. Diffraction and scattering add loss and shift the slot resonance away from 1550 nm. Antireflection coatings were applied to the output facets of the fabricated die, and the output waveguide was angled at 7°to reduce facet back reflection.
In the MPW shuttle, the length and the pitch of the SOAs on our die were fixed to 500 μm and 250 μm, respectively, which necessitated a long composite cavity. The bends used the deep-etched waveguides, which were limited to a radius of curvature of 100 μm. The lengths of the cavities containing SOA 1, SOA 2, and SOA 3 were about L 1 1.43 mm, L 2 0.63 mm, and L 3 1.08 mm, respectively. Assuming a waveguide group index of 3.4, these lengths correspond to free spectral ranges (FSRs) of 0.25, 0.56, and 0.33 nm. Despite the small FSRs, the Vernier effect between the cavities can enable single-mode operation over the SOA gain bandwidth. The FSR of the slot was about 100 THz-greatly exceeding the SOA gain bandwidth.
To qualitatively illustrate that such a long coupled-cavity laser can support single-mode operation, we calculated, using the transfer matrix method, the threshold condition of a simplified device with similar parameters as the implemented version [7, 18] . The schematic of the structure is shown in Fig. 2(a) . In the calculations, we assumed an effective index of 3.3 for each section, a uniform waveguide loss of 5 dB/cm, cavity and SOA lengths as illustrated in Fig. 2(a) , and a reflectivity of 40% and a loss of 2 dB for the two end-reflectors. For the slots, we assumed a refractive index of 1.55, a length of 0.94 μm, as well as a reflectivity of 14% and loss of 1.1 dB at each interface. These parameters result in slot reflection and transmission spectra that closely approximate the FDTD results, with a ∼8% slot reflectivity and ∼50% slot transmission near 1550 nm. Figure 2(b) shows the computed laser frequencies that have the lowest threshold gains at SOA 3 and closest convergence to the theoretical oscillation condition. The amplification factors in SOA 1 and SOA 2 are 0.36 dB and 0.16 dB, respectively, to compensate the propagation attenuation in their respective sections. The long cavities lead to minute differences in the minimum threshold gain. In the figure, the smallest difference between the lowest two threshold gains is 0.98 cm −1 , which is between 1573.2 and 1574.3 nm. From the plot, modes with the lowest losses (say, less than 25 cm −1 ) tend to be separated by 1 to 4 nm, so the laser is expected to exhibit mode hops of a few nanometers. The longitudinal mode discrimination is further increased beyond that in Fig. 2(b) by the wavelength dependence of the gain.
To measure the device, the die was mounted on a copper temperature-controlled stage set at 20°C, and the laser emission was collected using lensed single-mode fibers with a nominal spot diameter of 2.5 μm at 1550 nm. By measuring the insertion losses of calibration waveguides, we determined the fiberto-chip coupling loss, which we used to extract the on-chip optical power of the laser. Each SOA was contacted by a tungsten needle probe and was driven by a current from a sourcemeter. As we swept the currents applied to each of the SOAs, we monitored the output optical power and spectrum. We let I 1 , I 2 , and I 3 denote the currents applied to SOA 1, SOA 2, and SOA 3, respectively. In the discussions to follow, I 2 and I 3 were stepped in increments of 2 mA. Figure 3 shows the on-chip output powers, main laser wavelength, and SMSR as a function of I 2 and I 3 for example values of I 1 of 40 and 60 mA. For greater clarity, in Fig. 4 , the output power, main laser wavelength, and SMSR are shown as a function of an identical current being applied to SOA 2 and SOA 3 (I 2 I 3 ) at I 1 40, 60, and 80 mA. From Figures 3(a), 3(b) , and 4(a), the output power of the device has a typical dependence on the applied currents and exhibited thermal roll-over when I 2 and I 3 were in excess of about 40 mA. The laser wavelength with the highest power was identified as the main laser wavelength, as shown in Figs. 3(c), 3(d) and 4(b) . From the plots, for I 2 , I 3 ≳ 30 mA, the main laser wavelength was found to be robust against changes in I 2 and I 3 and could remain constant over tens of mA changes in I 2 and I 3 . In qualitative agreement with our calculations, the main laser wavelength experienced mode hops of around 2-4 nm as the applied currents are varied. The main laser wavelength ranged between 1545 and 1570 nm, and it generally tended toward longer wavelengths at high values of the SOA currents due to thermal heating.
The large regions of constant wavelength in Figs. 3(c) and 3(d) corresponded to high SMSRs, often exceeding 35 dB, as shown in Figs. 3(e) and 3(f). A SMSR around 0 dB means the emission was multimode, and a high SMSR indicates singlemode emission. An example laser output spectrum for I 1 70 mA, I 2 62 mA, and I 3 72 mA is shown in Fig. 4(d) , illustrating the single-mode laser behavior and a SMSR of 46 dB. We also measured lasers with designed slot widths of 0.8 and 1.2 μm, but they did not exhibit robust single-mode operation. This confirms that the slots were critical in selecting a single-mode within the gain bandwidth of the SOA. From the measurements of the laser wavelengths and output powers as a function of I 1 , I 2 , and I 3 , we could select the bias conditions to result in a desired wavelength and output power. The wavelength coverage was discrete but densely covered the range between 1550 and 1570 nm. The wavelength tuning can be made continuous by adjusting the chip temperature. Figure 5 shows the measured spectra by selecting the bias conditions from a look-up table of the laser to result in single-mode laser operation with nearly uniform output power between the wavelengths of 1551 and 1573 nm. The minimum wavelength separation shown is 0.75 nm. The spectra have been normalized to the maximum peak of all the spectra, which was the bias point at 1568.17 nm with an on-chip optical power of 4.02 dBm. The variation in the laser output powers in the plot is within 2.7 dB. The SMSR at these bias points was >35 dB with a maximum of 46 dB. The applied currents did not follow a simple pattern due to the mode hops shown in Figs. 3 and 4. Finally, to verify that the laser was single-mode beyond the resolution of the optical spectrum analyzer of 0.08 nm and to determine the coherence of the laser, we measured the laser linewidth using the delayed self-heterodyne method [19] . For this measurement, the laser was biased at I 1 70 mA, I 2 62 mA, and I 3 72 mA. The output wavelength was 1561.84 nm, the SMSR was 46.3 dB, and the on-chip output power was 3.3 dBm. The laser output was coupled into an optical fiber and then a delay line interferometer in which one branch contained a 4.46 km long spool of SMF-28 fiber, and the frequency offset was generated by a phase modulator driven at 1 GHz in the other branch. The output of the interferometer was coupled into a 40 GHz photodetector. The measured radio-frequency (RF) spectrum from the electrical spectrum analyzer (ESA) is shown in Fig. 6 . The absence of extraneous tones in the spectrum suggests that the laser was single-mode. The RF spectrum was approximately Gaussian near the center and Lorentzian at higher offset frequencies. This spectrum is characteristic of lasers with significant 1∕f frequency noise [20, 21] .
We fit the RF spectrum with a Voigt profile, a convolution of the Gaussian and Lorentzian profiles, which is a close approximation to the self-heterodyne spectrum of lasers with 1∕f noise [20] . By minimizing the χ 2 value of the fit, we found a Voigt profile fit consisting of a Lorentzian with a full width at half-maximum (FWHM) linewidth of 7.4 MHz and a Gaussian FWHM linewidth of 124 MHz. The FWHM bandwidths correspond to an optical FWHM Lorentzian linewidth of 3.7 MHz and a Gaussian linewidth of 88 MHz. The Lorentzian linewidth is associated with the intrinsic linewidth of the laser, and the extracted value of 3.7 MHz is similar to linewidths of generic single-mode distributed feedback semiconductor lasers, which are around a few MHz [20, 21] . The 1∕f noise can be lowered, for example, by reducing the drive current noise, and improving the temperature and mechanical stability of the setup. In terms of the device, reducing cavity losses should lead to narrower linewidth operation. Coupledcavity and discrete mode lasers can achieve linewidths as narrow as 100 kHz [8, 10] In summary, we have demonstrated a three-section coupledcavity laser in a generic InP photonics platform capable of single-mode operation with a discretely tunable wavelength between 1551 and 1573 nm. The delayed self-heterodyne spectrum of the laser had a Voigt line shape, from which we extracted a Lorentzian linewidth of 3.7 MHz. The mode selectivity can be increased and the size of the laser reduced in integrated photonics platforms which allow for an arbitrary definition of the SOA length and position. The output power and cavity quality factor can be increased by reducing the losses of the MMI reflectors and the slots; this can be accomplished by optimizing the verticality and depth of the deep-etched waveguide sidewalls. These improvements can lead to higher power, narrower linewidth, and more robustly tunable singlemode lasers suitable for telecommunications. 
